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Born’s rule, one of the cornerstones of quantum mechanics, relates detection probabilities to the
modulus square of the wave function. Single-particle interference is accordingly limited to pairs of
quantum paths and higher-order interferences are prohibited. Deviations from Born’s law have been
quantified via the Sorkin parameter which is proportional to the third-order term. We here extend
this formalism to many-particle interferences and find that they exhibit a much richer structure.
We demonstrate, in particular, that all interference terms of order (2M + 1) and greater vanish for
M particles. We further introduce a family of many-particle Sorkin parameters and show that they
are exponentially more sensitive to deviations from Born’s rule than their single-particle counterpart.
According to Born’s rule the probability of a measure-
ment outcome is given by the modulus square of the cor-
responding probability amplitude [1]. This fundamental
postulate of quantum mechanics establishes a link be-
tween the (deterministic) mathematical formalism and
experiment. It additionally introduces a random compo-
nent into the theory. In view of its significance, many
attempts to replace the postulate by a derivation from
underlying principles have been made [2–7]. However,
to date none of these derivations seems to be generally
accepted [8–11]. Violations of the rule have furthermore
been predicted, for instance in cosmology [12, 13] and
black hole physics [14]. Experimental tests of Born’s law
are therefore crucial to assess its range of validity.
A direct consequence of Born’s rule is that single-
particle quantum interference originates only from pairs
of quantum paths [15]. Interferences of higher order than
the second therefore do not occur in quantum mechanics
for single particles. The vanishing of third-order inter-
ference has been investigated in the context of a gen-
eral quantum measure theory by Sorkin [15]. This has
led to the introduction of the so-called Sorkin parame-
ter κ, Eq. (3) below, which vanishes if Born’s rule holds.
The parameter κ has been measured in three and five-
slit experiments with single photons [16–18] and single
molecules [19]. It has been found to be smaller than
3× 10−5 in the classical light regime and 2× 10−3 in the
quantum regime [18]. These findings rule out multi-order
single-particle interference [20] and confirm Born’s law to
that level of precision.
Quantum mechanics, however, is not limited to single-
particle interference phenomena. It also allows for many-
particle interference in the case of indistinguishable par-
ticles. For example, two photons, albeit non-interacting,
can influence each other via two-particle interference as
in the Hong-Ou-Mandel experiment [21]. Here, two in-
distinguishable photons impinging on a beam splitter will
not exit the output ports of the beam splitter separately
due to the destructive interference of the two different
two-photon paths, where both photons are transmitted
or reflected, respectively. Many-particle interference is
mathematically richer and physically more subtle than
single-particle interference [22, 23]. Recently, two groups
have independently observed genuine three-photon inter-
ference that does not originate from two- or single-photon
interference [24, 25]. Many-particle interference is not
only of interest from a fundamental point of view [21–
26], but has also been exploited in imaging [27–29],
metrology [30, 31] and for quantum information process-
ing [32, 33]. Multi-boson interference in unitary networks
has for instance been shown to be computationally hard,
yielding the promising model of boson sampling [32].
In this paper, we propose to use many-particle inter-
ference for a fundamental test of Born’s rule, and thus of
quantum theory. To lay out the idea, we first recapitulate
the concept of single-particle interference in triple-slit ex-
periments and introduce the Sorkin parameter. We then
study more general setups with greater number of slits,
where many-particle interference, and hence higher-order
correlations among the particles, can be observed. In this
setting, we generalize Sorkin’s idea to incorporate many-
particle interference displaying a richer structure and far
more nonzero higher-order interference terms than single-
particle interference. We derive higher-order sum rules
that can be used to test Born’s rule and introduce a
family of many-particle Sorkin parameters. We demon-
strate, in particular, that all interference terms of order
(2M + 1) and larger vanish for M particles. We finally
show that the generalized Sorkin parameters are expo-
nentially more sensitive with increasing M to deviations
from Born’s rule than their single-particle counterpart.
Single-particle interference. In the standard double-
slit experiment, interference may be quantified by com-
paring the pattern PAB(r, t) observed when both slits A
and B are open to the classical expectation of the sum of
two single slits, PA(r, t) +PB(r, t), where either slit A or
slit B is open [34]. Here, P (r, t) stands for the detection
probability of a single particle at position r and time t.
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2The interference term is thus given by
I(1) := PAB − (PA + PB) , (1)
where we indicate in the superscript that we are dealing
with single-particle interference (and omit the arguments
(r, t) for simplicity). Equation (1) can be computed
quantum-mechanically by applying Born’s rule (BR) and
the superposition principle (SP):
PAB
(BR)
= |ψAB |2 (SP )= |ψA + ψB |2 (2)
= |ψA|2 + |ψB |2 + ψ∗AψB + ψ∗BψA
= PA + PB + I
(1) ,
where ψX denotes the wave function of a particle at the
detection plane when slit X (slits XY ) is (are) open. Any
nonzero value of I(1) indicates a deviation from the ordi-
nary (incoherent) sum of the subsystems A and B, and
thus any interference present between those. In experi-
ments with particles whose wave functions are spatially
coherent over the slits, I(1) typically shows a sinusoidal
behavior [34].
Sorkin has generalized this approach to a hierarchy of
interferences and defined quantum mechanics as a mea-
sure theory fulfilling a higher-order interference sum-rule
than classical mechanics [15]. In classical physics (with
distinguishable particles), the interference term I(1) is
zero, yielding the classical additivity of mutually ex-
clusive events. By contrast, the formalism of quantum
mechanics predicts a non-zero second-order interference
term I(1) ≡ I(1)2 6= 0, while all higher-order interfer-
ence terms I
(1)
N (N ≥ 3) vanish [15]. The usual inter-
ference term I
(1)
2 emerges naturally in double-slit exper-
iments and marks off classical from quantum mechan-
ics. On the other hand, the third-order interference term
I
(1)
3 := PABC − (PAB + PAC + PBC) + (PA + PB + PC)
turning up in triple-slit setups allows one to distinguish
quantum mechanics from generalized probabilistic theo-
ries. The pattern PABC observed after a triple-slit can
again be derived by applying BR and SP [15]. It turns out
that all occurring interference terms are already included
in the double slit terms PXY . The triple slit pattern
can hence be written as a sum of the comprised double
and single slits and no genuine third-order interference
term survives, I
(1)
3 = 0. This is commonly referred to
as the nonexistence of multi-order single-particle inter-
ference [15, 16]. The Sorkin parameter is then defined
as the third-order interference term normalized to the
central maximum of the triple slit,
κ(r) =
I
(1)
3 (r)
PABC(r′ = 0)
. (3)
Equation (3) can be used to quantify deviations from
Born’s rule which predicts κ = 0.
Many-particle interference. In case of many-particle
phenomena, it is convenient to work within the second
quantization framework, where the tedious symmetriza-
tion of wave functions is inherent in the operators. This
will lead us to work with correlation functions. The Mth-
order intensity correlation function is defined by [35]
G(M)(r1, t1, . . . , rM ,tM ) = 〈aˆ†1 . . . aˆ†M aˆM . . . aˆ1〉 , (4)
where aˆi = aˆ(ri, ti) is the bosonic annihilation opera-
tor at the position ri of the ith detector and time of
detection ti. The function G
(M) can be interpreted as
the joint probability to detect M photons at positions
r1, . . . , rM and times t1, . . . , tM , that is, a correlated de-
tection at different detectors as shown in Fig. 1(a). Since
we work in the far field, contributions to the signal due
to exotic looped paths through the slits [36–38] are negli-
gible. Throughout this study, we will concentrate on co-
incident events, ti = t and omit the time (and position)
dependence for simplicity. We note that the first-order
correlation function G
(1)
X is equal to the detection prob-
ability PX for any slit combination X, when evaluated
for a single-particle wave function ψX . Hence, all single-
particle interference results can be analyzed in terms of
the first-order correlation function G(1).
In order to examine many-particle interference, we as-
sume, as in the case of single-particle interference, that
the wave function of the M particles is spatially coher-
ent over the separation of the slits. At first, we note
that for a single slit A, we have G
(M)
A =
∏M
i=1G
(1)
A (ri) ≡∏M
i=1G
(1)
A,cl.(ri) = G
(M)
A,cl., since there is no interference in
single-slit experiments even when using quantum parti-
cles. The first configuration to exhibit (many-particle)
interference is the double slit. To trigger a coincident
event at M detectors behind a double slit, there are in
total 2M distinct M -particle paths. Classically, all these
events are mutually exclusive and the classical signal is
simply given by the incoherent sum of the corresponding
contributions,
G
(M)
AB,cl. = G
(M)
A (5)
+
M∑
j=1
G
(M−1)
A ({ri 6=j}i=1,...,M )G(1)B (rj)
+ . . .+G
(M)
B .
Here, the first term represents the event, in which all
detected particles came from A, the second expression
includes all paths, in which one of the detected particles
was from B and M − 1 from A, and so on. The usual
interference term, i.e., here the second-order M -particle
interference, is defined in analogy to Eq. (1) as
I
(M)
2 := G
(M)
AB −G(M)AB,cl. , (6)
where G
(M)
AB is the quantum-mechanical result of Eq. (4)
including the interference between all occurring M -
particle paths.
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FIG. 1. Two-particle interference in slit-experiments with up to five slits. (a) Sketch of the fivefold slit and the detection
configuration: one detector is fixed (δ1 = 0) while the other one is scanned (δ2 = δ). (b)-(e) Theoretically evaluated second-
to fifth-order two-particle interference, Eq. (7) (normalized by the central peak), as a function of the optical phase δ for the
detection technique indicated in (a). The coincident detection signal arises (f) in a double slit setup from four and (g) in a
triple slit setup from nine mutually exclusive two-particle paths which can interfere.
Following Sorkin, we can now generalize this second-
order many-particle interference term to an arbitrary or-
der of interference. In doing so, it becomes apparent
that we can assign a great number of occurring terms
(but not all) to either arising from classical terms or
from interferences of lower order [39]. Consequently, we
can define a hierarchy of higher-order many-particle in-
terference terms containing the particular interference
of Nth order that was not present in any lower-order
many-particle interference. In this way, the Nth-order
M -particle interference can be written as [39]
I
(M)
N := G
(M)
A1,A2,...,AN
(7)
+
N−1∑
l=1
(−1)l
∑
σ∈CNN−l
G
(M)
Aσ1 , Aσ2 , . . . , AσN−l︸ ︷︷ ︸
(N−l) slits
− G(M)A1,A2,...,AN ,cl. .
Equation (7) is straightforward to comprehend by con-
sidering interference patterns from N -slit experiments:
The first term represents the quantum-mechanical signal
from N slits, see Eq. (4). The expression in the second
line of Eq. (7) subtracts from G
(M)
A1,A2,...,AN
the contri-
butions to the signal of N slits from lower-order terms
(including interference from all comprised k-slit config-
urations with k < N), where CNk stands for the set of
all k-combinations of {1, 2, . . . , N}. In the third line, we
further subtract from G
(M)
A1,A2,...,AN
via G the classical M -
particle paths arising from exactly N different slits [39].
Note that Eq. (7) is defined such that it is also valid
for the single-particle case M = 1, see Eq. (1). The
formal resemblance of single- and many-particle inter-
ference hierarchies originates from a similar packing of
the occurring terms. However, they differ strongly. The
second-order two-particle interference I
(2)
2 , for instance,
is composed of up to 12 single terms compared to only 2
for the second-order single-particle interference I
(1)
2 [39].
While the third-order single-particle interference term
is the first to vanish in the family of single-particle inter-
ference terms, many-particle interference yields a much
richer structure. For example, for two-particle inter-
ference (M = 2) after a double slit (N = 2) there
are NM = 22 = 4 different two-particle paths labeling
the different options how two indistinguishable particles
may reach two detectors, namely the detected particles
are either (i) both from A, or (ii) both from B, or one
from A and one from B, where (iii) detector 1 regis-
tered the particle from A and detector 2 registered the
particle from B, or (iv) detector 1 registered the parti-
cle from B and detector 2 registered the particle from
A, respectively. These paths are shown in Fig. 1(f).
The classical signal can thus be written as, G
(2)
AB,cl. =
G
(2)
A + G
(2)
B + G
(1)
A (r1)G
(1)
B (r2) + G
(1)
A (r2)G
(1)
B (r1), and
the second-order two-particle interference is given by
I
(2)
2 = G
(2)
AB−G(2)AB,cl., which is nonzero [39]. Considering
the next order I
(2)
3 , it turns out that two-particle inter-
ference in a triple-slit-experiment can, unlike the single-
particle analog, not be decomposed into a sum of lower-
order two-particle interference patterns, even though all
interfering terms shown in Fig. 1(g) do already appear in
the appropriate lower-order ones [40]. Third-order two-
particle interference hence does not vanish, which holds
also true for the fourth-order: I
(2)
3 6= 0 and I(2)4 6= 0 [39].
The fifth-order two-particle interference, however, is now
the first of the family members to vanish I
(2)
5 = 0, and
thus all I
(2)
N = 0 for N ≥ 5.
For this two-particle case, we have theoretically eval-
uated the two-particle interference terms of up to fifth-
order for the detector configuration shown in Fig. 1(a).
In this setup, (M − 1) detectors are located at fixed
positions, while the Mth detector scans the detection
plane. This technique is commonly used to explore many-
particle phenomena, such as superradiance [41] and sub-
4radiance [42]. It is also used for quantum imaging [29].
Our findings for M = 2 are shown in Fig. 1(b)-(e). Here,
the respective interferences are plotted as a function of
the optical phases δi(ri) = 2pid sin(θi)/λ involving the
slit distance d, the angle of detection θi of the ith detec-
tor and the wavelength λ. As predicted by our theory,
we observe I
(2)
5 = 0, which is independent of the actual
detector configuration [39].
We stress that non-vanishing third- and fourth-order
two-particle interference is in line with Born’s rule, which
in this context predicts that quantum interference origi-
nates from pairs of two-particle paths, which is why fifth-
order two-particle interference has to vanish. Generally
speaking, Born’s law thus predicts that quantum inter-
ferences arise from pairs of M -particle paths, i.e., up to
order 2M . As a result, by recursion all interferences of
order (2M + 1) and larger are zero for M particles.
Accordingly, we can now introduce a family of Sorkin
parameters for M particles,
κ(M)(r1, . . . , rM ) :=
I
(M)
2M+1(r1, . . . , rM )
G
(M)
A1,...,A2M+1
(0)
, (8)
where the first member (M = 1) is the original Sorkin
parameter of Eq. (3). Born’s law predicts that all of these
parameters vanish regardless of the detector positions.
Sensitivity to deviations. We next derive that the
many-particle Sorkin parameters [Eq. (8)] are more sen-
sitive to deviations from Born’s rule than the correspond-
ing single-particle parameter [Eq. (3)]. To this end, we
assume that the probability of an event A is given by
PA = |ψA|2 + ∆A, where ∆A represents a generic de-
viation from Born’s law which we do not specify fur-
ther for the sake of generality. A relation of the form,
P ∝ |ψ|2+, with   1, is for example of this type to
first order in . Since these deviations are expected to be
very small, we assume that they are of the same order of
magnitude O(∆X) ≈ ∆, independent of X, for different
slit combinations X. Such non-vanishing deviations from
Born’s rule will translate into nonzero Sorkin parameters
of Eq. (8). The third-order single-particle interference
term in the numerator of the original Sorkin parameter
[Eq. (3)] involves seven applications of the Born law. By
conventional propagation of uncertainty [43], the devia-
tions ∆ lead to a nonzero single-particle Sorkin parame-
ter of order of magnitude given by κ(1) ≈ √7∆/G(1)ABC(0).
In the many-particle case, we evaluate the correspond-
ing deviations in the generalized Sorkin parameters of
Eq. (8) for the commonly used detection configuration
described above and outlined for M = 2 in Fig. 1(a).
We choose the fixed positions, ri, (i = 1, . . . ,M − 1),
of the (M − 1) detectors such that the first detector is
on the optical axis [see Fig. 1 (a)] and the optical phase
difference accumulated by particles originating from the
same slit but propagating to different detectors is always
a multiple of 2pi. This can, for instance, be achieved
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FIG. 2. Exponential increase in sensitivity, κ(M)(0)/κ(1),
Eq. (9), of theM -particle Sorkin parameter to deviations from
Born’s rule with respect to single-particle interference.
with δi(ri) = (i− 1)2pi. Limiting ourselves to the central
point of the M -particle Sorkin parameter, we can then
relate the Mth-order correlation function G(M) to the
Mth power of the central peak of the first-order correla-
tion function [G(1)(0)]M [39]. This enables us to transfer
the deviations ∆, discussed above for G(1), to G(M) and
insert them into the definition of the M -particle Sorkin
parameter Eq. (8). In this way, we obtain [39]
κ(M)(0) =
M
√
C(M)
G
(1)
A1,...,A2M+1
(0)
×∆ +O(∆2) (9)
for M > 1. The function C(M) is related to the num-
ber of interfering M -particle paths in all possible k-slit
combinations and reads [39]
C(M) =
2M+1∑
k=1
(
2M + 1
k
)(
k
2M + 1
)M−1
. (10)
Equation (9) expresses the sensitivity to deviations from
Born’s rule for many-particle interference. The ratio to
the sensitivity of the single-particle Sorkin parameter,
κ(M)(0)/κ(1), is independent of the original magnitude of
the deviation ∆ and thus constitutes a suitable measure
to display the increase in sensitivity for many-particle
interference with respect to single-particle interference.
It is shown as a function of M in Fig. 2. Remarkably,
the increase in sensitivity depends exponentially on the
number of particles M . This is linked to the exponen-
tial increase in the number of interfering paths. We ob-
serve an increase in sensitivity by a factor of about 2
for the discussed two-particle example, by one order of
magnitude for six-particle, and two orders of magnitude
for eleven-particle interference. We note that the level
of many-particle interference is not limited in principle.
Eight-particle interference has, for instance, already been
measured for superradiant emission [41].
Conclusion. We have shown that many-particle in-
terference can be fruitfully exploited to test Born’s rule.
We have first established that all interference of order
(2M + 1) and larger vanish for M particles. We have
further introduced generalized Sorkin parameters appli-
cable for many-particle interference which are predicted
to be zero if Born’s rule holds. The M -particle Sorkin pa-
rameters have the benefit of displaying an exponentially
5increased sensitivity to deviations from Born’s rule with
respect to their single-particle counterpart. We therefore
expect them to stimulate new theoretical and experimen-
tal studies and more precise tests of quantum theory.
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S1. CLASSICAL CONTRIBUTIONS
In a general setup with M detectors behind N slits, there are NM different M -particle paths to trigger an M -fold
event. As classical particles are stochastically independent and display no interference, the classical signal of an
M -fold event behind N slits is given by the incoherent sum of these contributions,
G
(M)
A1,...,AN ,cl.
=
∑
σ∈PMN
G
(1)
Aσ1
(r1) . . . G
(1)
AσN
(rM ) , (S1)
where the sum runs over all M -permutations with repetition of the set {1, . . . , N} (=: PMN ). The first term (σ =
{1, 1, . . .}), for instance, represents the event, in which all detected particles came from slit A1. To clearly differentiate
between classical and quantum contributions later on, we group all classical M -particle paths that are of Nth-order,
i.e., they originate from exactly N different slits, in the expression G(M)A1,...,AN ,cl., which can be defined inductively via
N = 1 : G(M)A1,cl. := G
(M)
A1,cl.
= G
(M)
A1
, (S2a)
N → N + 1 : G(M)A1,A2,...,AN+1,cl. := G
(M)
A1,A2,...,AN+1,cl.
−
N∑
l=1
∑
σ∈CN+1l
G(M)Aσ1 ,Aσ2 ,...,Aσl ,cl. . (S2b)
In the induction step, the classical signal of order (N + 1) is calculated and afterwards all classical contributions of
lower order (from less than (N +1) slits) are gradually subtracted. Here, CN+1l stands for the set of all l-combinations
of the set {1, 2, . . . , N + 1} and accounts for all possible slit-configurations of exactly l slits (out of N + 1 slits). We
note a few things here:
• The difference between G(M)A1,...,AN ,cl. and G
(M)
A1,...,AN ,cl.
is that the latter includes all classical paths of any order
to the signal, while the former includes classical paths of Nth-order only, i.e., from exactly N different slits.
• G(M)A,cl. = G(M)A , since there is no interference in single-slit experiments even when using quantum particles.
• G(M)A1,...,AN ,cl. = 0 for N > M , i.e., when the number of slits N exceeds the correlation order M . In this
case G
(M)
A1,...,AN ,cl.
can be written as the sum of lower-order classical terms, just as the classical single-particle
double-slit term (N = 2 > 1 = M) can be decomposed into the sum of the two single slits and hence G(1)AB = 0.
S2. TWO-PARTICLE INTERFERENCE PATTERNS AND HIERARCHY
In this section, we derive the two-particle interference terms for double and triple slit in order to explicitly state
third-order two-particle interference I
(2)
3 6= 0. We will use Aˆ, Bˆ, Cˆ to indicate the annihilation operator of photons
from slit A, B, C, respectively, and write, like in the main text, Xˆi = Xˆ(ri). Note, however, that actually Aˆ = Bˆ = Cˆ,
since we consider particles being spatially coherent over the slits such that all occurring quantum paths do interfere.
We nevertheless distinguish the operators in order to discriminate between different two-particle paths and identify
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S2
classically expected terms as well as lower-order interference terms. For a double slit, we get
G
(2)
AB = 〈aˆ†AB(r1)aˆ†AB(r2)aˆAB(r2)aˆAB(r1)〉 (S3)
= 〈(Aˆ†1 + Bˆ†1)(Aˆ†2 + Bˆ†2)(Aˆ2 + Bˆ2)(Aˆ1 + Bˆ1)〉
= 〈Aˆ†1Aˆ†2Aˆ2Aˆ1〉+ 〈Aˆ†1Aˆ†2Aˆ2Bˆ1〉+ 〈Aˆ†1Aˆ†2Bˆ2Aˆ1〉+ 〈Aˆ†1Aˆ†2Bˆ2Bˆ1〉+ 〈Aˆ†1Bˆ†2Aˆ2Aˆ1〉+ 〈Aˆ†1Bˆ†2Aˆ2Bˆ1〉
+〈Aˆ†1Bˆ†2Bˆ2Aˆ1〉+ 〈Aˆ†1Bˆ†2Bˆ2Bˆ1〉+ 〈Bˆ†1Aˆ†2Aˆ2Aˆ1〉+ 〈Bˆ†1Aˆ†2Aˆ2Bˆ1〉+ 〈Bˆ†1Aˆ†2Bˆ2Aˆ1〉+ 〈Bˆ†1Aˆ†2Bˆ2Bˆ1〉
+〈Bˆ†1Bˆ†2Aˆ2Aˆ1〉+ 〈Bˆ†1Bˆ†2Aˆ2Bˆ1〉+ 〈Bˆ†1Bˆ†2Bˆ2Aˆ1〉+ 〈Bˆ†1B†2B2B1〉
=: G
(2)
A +G
(2)
B +G
(1)
A (r1)G
(1)
B (r2) +G
(1)
A (r2)G
(1)
B (r1) + I
(2)
AB ,
where we marked the classically expected contributions in red and blue (see main text) and eventually defined
the remaining terms as second-order two-particle interference I
(2)
AB ≡ I(2)2 . Note that throughout the Supplemental
Material we explicitly state the involved slits for convenience as A,B, . . ., where the order of interference is included
inherently already in the number of slits. In the same manner, we get for a triple slit
G
(2)
ABC = 〈aˆ†ABC(r1)aˆ†ABC(r2)aˆABC(r2)aˆABC(r1)〉 (S4)
= 〈(Aˆ†1 + Bˆ†1 + Cˆ†1)(Aˆ†2 + Bˆ†2 + Cˆ†2)(Aˆ2 + Bˆ2 + Cˆ2)(Aˆ1 + Bˆ1 + Cˆ1)〉
= 〈Aˆ†1Aˆ†2Aˆ2Aˆ1〉+ 〈Aˆ†1Aˆ†2Aˆ2Bˆ1〉+ 〈Aˆ†1Aˆ†2Aˆ2Cˆ1〉+ 〈Aˆ†1Aˆ†2Bˆ2Aˆ1〉+ 〈Aˆ†1Aˆ†2Bˆ2Bˆ1〉+ 〈Aˆ†1Aˆ†2Bˆ2Cˆ1〉
+〈Aˆ†1Aˆ†2Cˆ2Aˆ1〉+ 〈Aˆ†1Aˆ†2Cˆ2Bˆ1〉+ 〈Aˆ†1Aˆ†2Cˆ2Cˆ1〉+ 〈Aˆ†1Bˆ†2Aˆ2Aˆ1〉+ 〈Aˆ†1Bˆ†2Aˆ2Bˆ1〉+ 〈Aˆ†1Bˆ†2Aˆ2Cˆ1〉
+〈Aˆ†1Bˆ†2Bˆ2Aˆ1〉+ 〈Aˆ†1Bˆ†2Bˆ2Bˆ1〉+ 〈Aˆ†1Bˆ†2Bˆ2Cˆ1〉+ 〈Aˆ†1Bˆ†2Cˆ2Aˆ1〉+ 〈Aˆ†1Bˆ†2Cˆ2Bˆ1〉+ 〈Aˆ†1Bˆ†2Cˆ2Cˆ1〉
+〈Aˆ†1Cˆ†2Aˆ2Aˆ1〉+ 〈Aˆ†1Cˆ†2Aˆ2Bˆ1〉+ 〈Aˆ†1Cˆ†2Aˆ2Cˆ1〉+ 〈Aˆ†1Cˆ†2Bˆ2Aˆ1〉+ 〈Aˆ†1Cˆ†2Bˆ2Bˆ1〉+ 〈Aˆ†1Cˆ†2Bˆ2Cˆ1〉
+〈Aˆ†1Cˆ†2Cˆ2Aˆ1〉+ 〈Aˆ†1Cˆ†2Cˆ2Bˆ1〉+ 〈Aˆ†1Cˆ†2Cˆ2Cˆ1〉+ 〈Bˆ†1Aˆ†2Aˆ2Aˆ1〉+ 〈Bˆ†1Aˆ†2Aˆ2Bˆ1〉+ 〈Bˆ†1Aˆ†2Aˆ2Cˆ1〉
+〈Bˆ†1Aˆ†2Bˆ2Aˆ1〉+ 〈Bˆ†1Aˆ†2Bˆ2Bˆ1〉+ 〈Bˆ†1Aˆ†2Bˆ2Cˆ1〉+ 〈Bˆ†1Aˆ†2Cˆ2Aˆ1〉+ 〈Bˆ†1Aˆ†2Cˆ2Bˆ1〉+ 〈Bˆ†1Aˆ†2Cˆ2Cˆ1〉
+〈Bˆ†1Bˆ†2Aˆ2Aˆ1〉+ 〈Bˆ†1Bˆ†2Aˆ2Bˆ1〉+ 〈Bˆ†1Bˆ†2Aˆ2Cˆ1〉+ 〈Bˆ†1Bˆ†2Bˆ2Aˆ1〉+ 〈Bˆ†1Bˆ†2Bˆ2Bˆ1〉+ 〈Bˆ†1Bˆ†2Bˆ2Cˆ1〉
+〈Bˆ†1Bˆ†2Cˆ2Aˆ1〉+ 〈Bˆ†1Bˆ†2Cˆ2Bˆ1〉+ 〈Bˆ†1Bˆ†2Cˆ2Cˆ1〉+ 〈Bˆ†1Cˆ†2Aˆ2Aˆ1〉+ 〈Bˆ†1Cˆ†2Aˆ2Bˆ1〉+ 〈Bˆ†1Cˆ†2Aˆ2Cˆ1〉
+〈Bˆ†1Cˆ†2Bˆ2Aˆ1〉+ 〈Bˆ†1Cˆ†2Bˆ2Bˆ1〉+ 〈Bˆ†1Cˆ†2Bˆ2Cˆ1〉+ 〈Bˆ†1Cˆ†2Cˆ2Aˆ1〉+ 〈Bˆ†1Cˆ†2Cˆ2Bˆ1〉+ 〈Bˆ†1Cˆ†2Cˆ2Cˆ1〉
+〈Cˆ†1Aˆ†2Aˆ2Aˆ1〉+ 〈Cˆ†1Aˆ†2Aˆ2Bˆ1〉+ 〈Cˆ†1Aˆ†2Aˆ2Cˆ1〉+ 〈Cˆ†1Aˆ†2Bˆ2Aˆ1〉+ 〈Cˆ†1Aˆ†2Bˆ2Bˆ1〉+ 〈Cˆ†1Aˆ†2Bˆ2Cˆ1〉
+〈Cˆ†1Aˆ†2Cˆ2Aˆ1〉+ 〈Cˆ†1Aˆ†2Cˆ2Bˆ1〉+ 〈Cˆ†1Aˆ†2Cˆ2Cˆ1〉+ 〈Cˆ†1Bˆ†2Aˆ2Aˆ1〉+ 〈Cˆ†1Bˆ†2Aˆ2Bˆ1〉+ 〈Cˆ†1Bˆ†2Aˆ2Cˆ1〉
+〈Cˆ†1Bˆ†2Bˆ2Aˆ1〉+ 〈Cˆ†1Bˆ†2Bˆ2Bˆ1〉+ 〈Cˆ†1Bˆ†2Bˆ2Cˆ1〉+ 〈Cˆ†1Bˆ†2Cˆ2Aˆ1〉+ 〈Cˆ†1Bˆ†2Cˆ2Bˆ1〉+ 〈Cˆ†1Bˆ†2Cˆ2Cˆ1〉
+〈Cˆ†1Cˆ†2Aˆ2Aˆ1〉+ 〈Cˆ†1Cˆ†2Aˆ2Bˆ1〉+ 〈Cˆ†1Cˆ†2Aˆ2Cˆ1〉+ 〈Cˆ†1Cˆ†2Bˆ2Aˆ1〉+ 〈Cˆ†1Cˆ†2Bˆ2Bˆ1〉+ 〈Cˆ†1Cˆ†2Bˆ2Cˆ1〉
+〈Cˆ†1Cˆ†2Cˆ2Aˆ1〉+ 〈Cˆ†1Cˆ†2Cˆ2Bˆ1〉+ 〈Cˆ†1Cˆ†2Cˆ2Cˆ1〉
=: G
(2)
A +G
(2)
B +G
(2)
C +G
(1)
A (r1)G
(1)
B (r2) +G
(1)
A (r2)G
(1)
B (r1) +G
(1)
A (r1)G
(1)
C (r2) +G
(1)
A (r2)G
(1)
C (r1)
+G
(1)
B (r1)G
(1)
C (r2) +G
(1)
B (r2)G
(1)
C (r1) + I
(2)
AB + I
(2)
AC + I
(2)
BC + I
(2)
ABC
= G
(2)
AB +G
(2)
AC +G
(2)
BC −G(2)A −G(2)B −G(2)C + I(2)ABC ,
where we marked again all previously known lower-order terms, i.e., the classically expected contributions (in red and
blue) and lower-order interference (in violet). Observe that here G(2)ABC = 0 (since M = 2 < 3 = N) so that we do no
have to identify emerging classical contributions. Eventually, we define the third-order two-particle interference via
I
(2)
ABC := G
(2)
ABC −G(2)AB −G(2)AC −G(2)BC +G(2)A +G(2)B +G(2)C . (S5)
Hence, unlike zero single-particle third-order interference I
(1)
ABC = 0 (see main text), we get a nonzero two-particle
third-order interference I
(2)
ABC 6= 0. Defining two-particle interference of higher order is now straightforward (see also
the next section). At last, we state the fifth-order two-particle interference term, as it will be the first in this hierarchy
to become zero (see the main text):
I
(2)
5 ≡ I(2)ABCDE = G(2)ABCDE −G(2)ABCD −G(2)ABCE −G(2)ABDE −G(2)ACDE −G(2)BCDE (S6)
+G
(2)
ABC +G
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ABE +G
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(2)
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(2)
BCD +G
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(2)
CDE
−G(2)AB −G(2)AC −G(2)AD −G(2)AE −G(2)BC −G(2)BD −G(2)BE −G(2)CD −G(2)CE −G(2)DE
+G
(2)
A +G
(2)
B +G
(2)
C +G
(2)
D +G
(2)
E = 0 .
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FIG. S1. Two-particle interference in a second detector configuration. (a) Sketch of the fivefold slit and the further detection
configuration, where the detectors are scanned in opposite directions (δ1 = δ, δ2 = −δ). (b)-(e) Theoretically evaluated second-
to fifth-order two-particle interference (normalized by the central peak), as a function of the optical phase δ for the detection
technique indicated in (a).
I
(2)
5 = 0 holds independent of the actual detector configuration, since the latter has not been involved in the derivation.
This can be seen in Fig. S1, where we have theoretically evaluated the two-particle interference terms of up to fifth-
order for a further detector configuration where detectors are scanned in opposite directions (δ1 = δ, δ2 = −δ), which
has been used in Ref. [1] to overcome the classical resolution limit.
For the derived interference patterns, one has to track all possible interfering quantum paths, which lead to a coin-
cident detection event, and their relative phase. In the general case of M -particle interference in N slit-experiments,
this can be done in the first quantization scheme by propagating the M -particle wave function, which is first coher-
ently distributed over N slits and afterwards detected coincidentally at the M detectors. In the second quantization
scheme, on the other hand, the relative phases are included in the operators. For example, Xˆi = Xˆ(ri) from above,
which is the annihilation operator of a photon traversing slit X and being registered at the ith detector, inherently
includes the optical phase eikrXi , where k is the wave vector and rXi is the distance between slit X and the ith
detector. We can thus exploit expressions like those in Eqs. (S3) and (S4) to compute the interference terms by using
Xˆi ∝ eikrXiXˆ.
S3. INTERFERENCE HIERARCHY
To derive the interference hierarchy, we start with the second-order, which is defined - analog to Sorkin - as the
difference of the quantum and the classical result (as in the main text). From a given interference of order (N−1), the
next-higher interference of order N can be obtained by calculating the quantum-mechanical result of slit experiments
of this order, G
(M)
A1,A2,...,AN
, and afterwards identifying and subtracting lower-order interference terms and classical
terms. The climbing of the ladder of interference terms is, in principle, straightforward, the identification of lower-order
terms at each level, however, can be tedious.
In the main text, the following compact expression of the interference hierarchy was given
I
(M)
N = G
(M)
A1,A2,...,AN
+
N−1∑
l=1
(−1)l
∑
σ∈CNN−l
G
(M)
Aσ1 , Aσ2 , . . . , AσN−l︸ ︷︷ ︸
(N−l) slits
− G(M)A1,A2,...,AN ,cl. , (S7)
which displays the recipe from above. If we write out the sum,
I
(M)
N = G
(M)
A1,A2,...,AN
+ (−1)1
∑
σ∈CNN−1
G
(M)
Aσ1 , Aσ2 , . . . , AσN−1︸ ︷︷ ︸
(N−1) slits
+ (−1)2
∑
σ∈CNN−2
G
(M)
Aσ1 , Aσ2 , . . . , AσN−2︸ ︷︷ ︸
(N−2) slits
+ . . .+ (−1)N−1
∑
n
G
(M)
An
− G(M)A1,A2,...,AN ,cl. ,
one can clearly identify the different contributions: The first term on the right hand side contains all possible N2M
terms (interferences between NM quantum paths) up to the Nth order (also including the classical paths). The second
expression subtracts terms up to (N − 1)th order. In doing so, we subtract terms of up to (N − 1)th order, hence
also of order (N − 2). In the calculation, it turns out that we actually subtract the latter contributions twice (loosely
speaking, this is due to G
(M)
A being present in G
(M)
AB and G
(M)
AC , for instance). This is why we have to add them in
the next step again. As a result we have to alternate between subtracting and adding lower-order terms (hence the
factor (−1)l in the above equation). Equations (S5) and (S6) display this alternation for the third and fifth-order in
the case of two-particle interference. These alternating terms account for lower-order interference and classical terms
S4
[up to order (N −1)]. Additionally arising classical terms of order N are subtracted via the last term, G(M)A1,A2,...,AN ,cl.,
which is given in section S1.
S4. DERIVATION OF THE SENSITIVITY TO DEVIATIONS
In the final section, we derive the scaling of the many-particle Sorkin parameter to deviations from Born’s rule.
First we note that instead of using the actual position of the detectors, ri, we can also write the correlation functions
in terms of the optical phases δi(ri), i.e., G
(1)(r1, . . . , rM ) ≡ G(1)(δ1, . . . , δM ). In the specific detector configuration,
δi = (i−1)2pi of the fixed (M −1) detectors as stated in the main text, the central point of the Mth-order correlation
function reduces to the Mth power of the central point of the first-order correlation function, since all detectors are
effectively located on the optical axis (due to the 2pi-symmetry). This allows us to directly transfer the deviations ∆
(defined for G(1)) to Mth-order correlation functions G(M) and results in
G
(M)
X =
(
G
(1)
X
)M
→
(
G
(1)
X + ∆
)M
≈ G(M)X +MG(M−1)X ∆ +O(∆2) , (S8)
where all terms are evaluated at δi = 0 (ri = 0)∀i. In the following, we neglect terms O(∆2) and higher.
Let us first investigate the two-particle Sorkin parameter in detail to see the overall procedure, while we afterwards
pass over to general M -particle interference. Inserting the above deviations into the central point of the two-particle
Sorkin parameter leads to
κ(2)(0) = 2
[
G
(1)
ABCDE∆ABCDE (S9)
−G(1)ABCD∆ABCD −G(1)ABCE∆ABCE −G(1)ABDE∆ABDE −G(1)ACDE∆ACDE −G(1)BCDE∆BCDE
+G
(1)
ABC∆ABC +G
(1)
ABD∆ABD +G
(1)
ABE∆ABE +G
(1)
ACD∆ACD +G
(1)
ACE∆ACE
+G
(1)
ADE∆ADE +G
(1)
BCD∆BCD +G
(1)
BCE∆BCE +G
(1)
BDE∆BDE +G
(1)
CDE∆CDE
−G(1)AB∆AB −G(1)AC∆AC −G(1)AD∆AD −G(1)AE∆AE −G(1)BC∆BC
−G(1)BD∆BD −G(1)BE∆BE −G(1)CD∆CD −G(1)CE∆CE −G(1)DE∆DE
+G
(1)
A ∆A +G
(1)
B ∆B +G
(1)
C ∆C +G
(1)
D ∆D +G
(1)
E ∆E
]/[
G
(1)
ABCDE ·G(1)ABCDE
]
≈ 2G
(1)
ABCDE∆ABCDE − 5G(1)ABCD∆ABCD + 10G(1)ABC∆ABC − 10G(1)AB∆AB + 5G(1)A ∆A
G
(1)
ABCDE ·G(1)ABCDE
.
In a first step, we already neglected all G(2)’s in the numerator (as they represent the part coming from Born’s rule
and thus cancel). In a second step, we eased the notation by assuming that in the far field the central peak of all
five different four-slit combinations can be approximated by five times the first one, i.e., ABCD (and accordingly for
triple, double and single slits). Note that the following calculation and final result will be the same when treating
those terms separately as we are only interested in the order of magnitude. The full treatment, however, would involve
much more terms to track. For the central deviation, we can use that the ratio of the central peaks of the probability
function of gratings is given by G
(1)
A1,...,AN
(0)/G
(1)
A1,...,A′N
(0) = N/N ′ and we thus get
κ(2)(0) ≈ 2
(
∆ABCDE − 4∆ABCD + 6∆ABC − 4∆AB + ∆A
G
(1)
ABCDE
)
. (S10)
As in the main paper, we assume the deviations to be of the same (small) order of magnitude O(∆X) = ∆ and
by applying conventional propagation of uncertainty, we get κ(2)(0) ≈ 2√16/G(1)ABCDE(0) × ∆. Compared to the
single-particle case, i.e., κ(1) ≈ √7∆/G(1)ABC(0) (derived in the main paper), we get an improvement of κ(2)(0)/κ(1) ≈
2 · 3/5√16/7 ≈ 1.8, which is now independent of the original magnitude of the individual deviations ∆.
For the M -particle case, one has to evaluate an accordingly extended expression of κ(M)(0). In the numerator,
it comes down to counting the number of terms (while taking care of their prefactors), which involves the number
of all comprised slit-combinations appearing in I
(M)
2M+1. This is given by the sum over all k-slit combinations with
1 ≤ k ≤ 2M + 1, i.e.,
2M+1∑
k=1
∣∣C2M+1k ∣∣ = 2M+1∑
k=1
(
2M + 1
k
)
= 22M+1 − 1 , (S11)
S5
where |.| stands for the cardinality. The sum runs from the (2M +1) possible single-slits to the one possible (2M +1)-
slit. In the actual numerator of κ(M)(0), however, each slit-combination contributes with a different prefactor. Each
addend is modified by the prefactor
G
(M−1)
A1,...,Ak
(0)
G
(M−1)
A1,...,A2M+1
(0)
=
(
k
2M + 1
)M−1
, (S12)
where we already incorporated M − 1 of the M normalization factors of the denominator in the definition of the
many-particle Sorkin parameter. The determining number of contributing deviations is thus given by
C(M) :=
2M+1∑
k=1
∣∣C2M+1k ∣∣ ( k2M + 1
)M−1
=
2M+1∑
k=1
(
2M + 1
k
)(
k
2M + 1
)M−1
, (S13)
which can not be further simplified for arbitrary M . Including the prefactor M from Eq. (S8) and the remaining
normalization factor G
(1)
A1,...,A2M+1
(0), we finally can estimate the order of magnitude of the deviations in M -particle
experiments, i.e.,
κ(M)(0) =
M
√
C(M)
G
(1)
A1,...,A2M+1
(0)
×∆ +O(∆2) , (S14)
or normalized with respect to the single-particle case,
κ(M)(0)
κ(1)
=
3M
2M + 1
√
C(M)
7
=
3M
(2M + 1)
√
7
[
2M+1∑
k=1
(
2M + 1
k
)(
k
2M + 1
)M−1]1/2
. (S15)
The last two equations indicate the increase in sensitivity of the family of many-particle Sorkin parameters to deviations
from Born’s rule. The numerical values of Eq. (S15) up to (M = 11)-particle interference are
M 2 3 4 5 6 7 8 9 10 11
κ(M)(0)/κ(1) 1.8 2.9 4.7 7.3 11.4 17.7 27.6 42.7 66.2 102.5
.
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